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I. External Cormuinications Supported by this Contract (since October 1, 
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A. Publications 

.  1. K. L. Williams and P. L. Marston, "Mixed-Mode Acoustical Glory 

Scattering from a large Elastic Sphere: Model and Experimental 

Verification," Journal of the Acoustical Society of America 76, 

1555-1563 (1984) . 

2. P. L. Marston and J. H. Crichton, "Radiation Torque on a Sphere 

Caused by a Circularly Polarized Electromagnetic Wave," Physical 

Review A 30, 2508-2516 (1984). 

3. P, L. t^ston and E. H. Trinh, "Hyperbolic untoilic diffraction 

catastrophe and rainbow scattering from spheroidal drops," Nature 

(London) 312, 529-531 (1984). 

4. P. L. Marston and S. G. Goosby, "Ultrasonically stimulated 

low-fre<^ency oscillation and breakup of iimiscible liquid drops: 

Photographs," Physics of Fluids 28, 1233-1242 (1985). 

5. K. L. Williams and P. L. Marston, "Axially Focused (Glory) 
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Experimental Confirmation using Tungsten Carbide Spheres," Journal 

of the Acoustical Society of America 78, 722-728 (1985) . 

6. K. L. Williams and P. L. Marston, "Backscattering from an elastic 

sphere: Sommerfeld-Watson transformation and experimental 

confirmation," Journal of the Acoustical Society of America 78, 

1093-1102 (1985).  ' 

7. K. L. Williams and P. L. ^^ston, "Resonance Scattering Theory 

revisited via the Sommerfeld-Watson Transformation for scattering 

from elastic spheres," Journal of the Acoustical Society of 

America (submitted for publication) . 



8, P. L. ^ferston and B. T. Unger, "Rapid Cavitation Induced by the 

Reflection of Shock Waves" (submitted to Shock Waves in Condensed 

Matter, Y. M. Gupta, editor. Plenum Press). 

9. P. L. Marston, "Cusp diffraction catastrophe from spheroids: 

generalized rainbows and inverse scattering," Optics Letters 

(accepted for publication).   ,    ^ 

10. P. L. ^ferston and D. S. Langley, "Forward optical glory from " 

bubbles (and clouds of bubbles) in liquids and other novel 

directional caustics," Journal of Wave-Material Interaction 

(submitted to a special conference proceedings issue to be edited 

by V. K. and V. V. Varadan) . 

11. P. L. Marston and J. H. Crichton, "Radiation torque on a sphere 

illuminated with circularly polarized light and the angular 

momentum of scattered radiation," in Proceedings of the Chemical 

Research and Development Center's 1984 Scientific Conference on 

Obscuration and Aerosol Research, edited by R. H. Kohl and D. 

Stroud (U.S. Army, Aberdeen Proving Ground, MD, 1985) pp. 233-238. 

12. P. L. Marston and D. S. Langley, "Transmitted wave and 

rainbow-enhanced glories of dielectric spheres," in the same 

Proceedings as the preceding item, pp. 239-240. 

B. Abstracts of papers (presented at'ir^tings) containing significant 

information not yet published (or submitted for publication) in final 

form. 

1. P. L. Marston and D. S. langley, "Optical scattering properties of 

bubbles of interest in acoustics and cavitation research," j. 

Acoust. Soc. Am. 76, S30 (1984). 



2. B. T. Unger and P. L. Marston, "Optically stimulated sound from 

gas bubbles in water: A novel optoacoustic mechanism," J. Acoust. 

See, Am. 77, S104 (1985). 

C. Reports issued 

1. P. L. Marston, Annual Summary Report No. 4: Research on 

Acoustical And Optical Scattering, Optics of Bubbles, Diffraction 

Catastrophes, Laser Generation of Sound, and Shock Induced 

Cavitation, Accession Number AD-A146703 (Defense Technical 

Information Center, Alexandria, VA,  issued Septeitter, 1984) . 

2. D. S. langley. Technical Report No. 4: Light Scattering from 

Bubbles in Liguids, Accession Nuntoer AD-A158736 (Defense Technical 

Information Center, Alexandria, VA, issued December 1984) . 

3. K. L. Williams, Technical Report No. 5: Acoustical Scattering 

from an Elastic Sphere in Water: Surface Wave Glory, Resonances. 

and the Sommerfeld-Watson Transformation for Amplitudes, Accession 

Nuirioer AD-A158884 (Defense Technical Information Center, 

Alexandria, VA, issued August 1985) . 

D. Ph.D. dissertation supported by this contract   "  -...    _ 

1. K. L. Williams, "Acoustical Scattering from an Elastic Sphere in 

Water: Surface Wave Glory, Resonances, and the Soimierfeld-Watson 

Transformation for Amplitudes" (Physics Department, Washington 

State University, August, 1985). 

II. Preface and Explanation of System Used for Citation of References 

This report summarizes progress in research supported by the contract 

titled: "Propagation and Effects of Acoustical and Optical Waves." The 

emphasis of the report is on progress subsequent to that described in the 



previous Annual Summary Report, item Cl in the preceding list of "External 

communications." However, for continuity, certain research items disoissed 

there will also, be mentioned. The principal sections (indicated by different 

Roman numerals) may be read independently of each other. 

I The following reference system is used in this report. References to 

recent external coimtunications supported by this contract will be made by 

giving the section letter and number of the list given in Sec. I of the 

present report. For exanple, the first item listed in Sec. I is referenced as 
Al  _ - 

. Reference to other literature, including earlier work supported by this 

contract, are listed in- Sec. VIII. The first item in that list is referenced 

III. Acoustical Scattering Theory and Experiments -- 

A. Motivation for this Research: An Overview 

The general motivation for research into acoustic scattering is 

usually taken to be the identification of targets (or general elastic 

structures) from properties of echoes. It should be remembered, however, that 

scattering may also cause degradation of acoustic signals used for  ' 

coimiunications and other purposes and that scattering research gives insight 

into the radiation patterns from driven elastic structures. It may be thought 

that scattering from elastic spheres is too specialized of problem to be of 

any practical consequence; however, we intend to show that our understanding 

of the surface-wave contributions to directional caustics, which we have 

studied for spheres, is helpful for understanding the echoes from coirplicated 

elastic structures (see Sec. IIIG below). Furthermore, spheres are useful as 

calibration targets or as passive navigational beacons. 

One iiiportant aspect of our research is our ability to model and 

ineasure scattering airplitudes not just in the exact backward direction but 



also in near backward directions. It is shown in Sec. IIIB that the width of 

the diffraction lobes in near-backward directions are indicative of the 

- target's size. ' , ■ ■ ■ 

^® research surmnrized here in Sec. IIIB-D was largely carried out by 

Kevin L. Williams as a Ph.D. dissertation project. This dissertation^^'^^ was 

conpleted in July 1985 and Williams is to begin work on acoustical scattering 

problems at the Naval Coastal Systems Center (Panama City, FL) in Septeirioer 

1985. A new student, Steve Kargl, began working on acoustical scattering 

research in August 1985 with the partial support of this contract. 

B. Angular Dependence of Focused Backscattering due to Rayleigh Waves 

on Elastic Spheres 

When a short tone burst is incident on a tungsten carbide sphere in 

water, the backscattering response shows a decaying pulse train^ which can be 

attriiDuted to a specular reflection and repeated circumnavigations of other 

waves, we experimentally investigated the angular dependence of Rayleigh wave 

contrilDutions as the receiver is moved away from the backscattering 
A5 C3 Dl 

axis.  '  '   Figure 1 shows a siitplified diagram of the apparatus and Fig. 2 

shows the specular reflection and decaying pulse train for an incident burst 

of four sine waves having ka = 49.1 where a is the sphere's radius and 

k = 2Vwavelength. Since a detailed description and analysis of this 

experiment has been published,^ only a brief overview will be presented here. 

Figure 3 shows the physical picture which results from our analysis of the 

scattering. Our analysis predicts that the aforementioned angular dependence 

can be approximately described by JQ(6Y) vAiere 3 depends on the frequency 

of the sinusoidal tone burst used (or equivalently the ka of the sphere) and 

Y measures the angle relative to the backscattering axis. We show how this 

form of an^lar dependence may be attributed to a weak axial focusing along 



COAXIAL 
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PISTON 

BAFFLE V/. SCAN AXIS 

Simplified diagram of the scattering experiment. The backscattering angle is 

Y. The diagram is not dra.^ to scale. In all the experiments described in 

Section IIIB and C, z^ . 160 on, while z . 33 cm for experiments with the 

2.54 on diameter tungsten carbide sphere and z = 19 .cm for experiments with 

1.27 cm sphere. 

Fig. 1. 



An oscilloscope trace of the backscattering echo from a tmgsten carbide 

sphere ensonified by a tone burst. The ka of the sphere is approximately 

49.1. The individual echoes are laJoeled as follows: A - specular reflection, 

B - Rayleigh surface wave echoes, C - echoes whose specific origin was not 

identified but whiah are conjectured to be other surface -^ves such as 

"Miispering Gallery" waves. 

Fig. 2. 



the backward direction. Our model includes a prediction of how 3 will vary 

with ka. The model is given in a general sense and then specialized to 

tungsten carbide for experimental confirmation. 

Figure 4 shows that the measured angular dependence of the first 

Rayleigh echo amplitude is indeed of the form JQ(6Y), shown by the curve. 

The parameter g was selected for agreement with the observations. This 

procedure was carried out for ka ranging from 30 to 100. The resulting 

experimental values of g were in good agreement with predictions, which for 

the size range studied is 

3  = (c/Cg) (ka - G) , (1) 

^ere c is the sound speed in water, c^ is the group velocity of Rayleigh 

waves on the sphere (which must be nearly independent of ka for Eq. (1) to be 

useful) and G is a constant. The prediction of G re<5aired that the 

conplex roots of a conplex function be determined. See Eqs. (5) and (11) of 

Ref. A5. The coirputer programs used in this analysis are listed (or in some 

cases summarized) in Ref. C3 (which may be ordered from DTIC) and in Ref. Dl. 

Figure 4 also shows the normalized specular reflection airplitude (the 

sc^ares) plotted as a function of y.  (These measurements were carried out 

late in 1984.) Only small fluctuations of the speaalar airplitude are evident 

since the specular echo is unfocused. This may be contrasted with the J 

amplitude variation of the focused Rayleigh wave. 

C. Backscattering from an Elastic Sphere: Somerfeld-Watson 

Transformation and Experijnental Confirmation 

The prediction of the absolute airplitude of the Rayleigh echo was 

beyond the scope of the model described in Ref. A5. Such a prediction 

re<^ires knowledge of the coupling efficiencies of sound to (and from) 



This  figure shows the physical picture which ensues from the SWT analysis of 

the Rayleigh contrii^utions to scattering. The incoming plane wave represented 

by AB allows the launching of a Rayleigh surface ^^ve at B which 

circumnavigates the sphere while reradiating back into the surroundings. At 

point B' energy is radiated in the backward direction F^ is the virtual 

point source from which ray A'B' and the dashed rays to either sxde appear 

to originate. When the diagram is rotated around the C'C axis, the point F 

traces out a virtual ring-like source. 

Fig. 3. 
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Exp^rxn^ntal and theoretical results for ka = 60. The dots are experimental 

results of the angular dependence of the first Rayleigh echo anpUtude 

normalized to the Rayleigh echo anplitude when y, the backscattering angle, 

vanishes. The squares show experimental results for the specular reflection 

arrplitude as a Action of y normalized to the specular reflection anplitude 

at y = 0.    . 

Fig. 4. 
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Rayleigh waves on a sphere as well as the radiation dairping of Rayleigh waves. 

Oar calculation of these quantities with a Sommerfeld-Watson Transformation 

(SWT) solves one of the canonical problems of acoustical scattering theory.^^ 

Our analysis is not just applicable to Rayleigh waves on spheres, but it may 

be applied to a wide range of surface waves on spheres (such as to waves on 

spherical shells in water) provided the partial-wave series is available. 

Since our analysis is lengthy, and has been published in detail,^^ only a 

brief overview of the results will be given here. Numerical evaluation of the 

echo anplitudes requires that the corrplex roots of a conplex function be 

evaluated, see Eq. (23) of Ref. A6. The conputer programs used for this 

evaluation are listed in Ref. C3 (which may be ordered from DTIC) and in Ref. 

Dl. 

The Rayleigh contribution to the form function for backward (and near 

backward) scattering is given by our analysis to be^^ 

-6 (2TT-29 )  in  -  im(2^k^a-^)  -27nii6„ 

m=0 

where the following parameters, which depend on ka and are given by 

expressions displayed in the publication (Ref. A6), have the following siirple 

physical interpretations: 

k^   = the wavenumber if the Rayleigh wave on the sphere = 

(c/Cj^) k where c^^ is the Rayleigh phase velocity at ^ 

the specified ka; 

8j^ = arcsin(k/k^) is the local angle of incidence where the 

sound in water is phase matched with the Rayleigh wave; 
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b^ - a sinSj^ is the radius of the focal circle traced out 

when Fj^ in Fig. 5 is rotated around the CC axis; 

nj^ = a phase shift == -2ka cose^^ + kj^a(2Tr - 26 ) - TT/2; 

gj^ = the parameter which descriJoes the attenuation of 

Rayleigh waves on the sphere which is given by Eq. (30) 

of Ref. A6 (the attenuation is due to radiation 

darrping); do not confuse Q^   with the 6 of Sec. 

IIIB; 

Gj^ = the parameter which descriJoes the coupling of sound on 

to (and off-of) the sphere and some of the effects of 

axial focusing. See Eq. (28) of Ref. A6.  " '■ 

The m - 0 term in Eq. (2) corresponds to the first (i.e. earliest) Rayleigh 

echo, the m = 1 term gives the second one, etc. Since Eq. (2) predicts the 

same J^ dependence on y   as the model reviewed in Sec. IIIB, we limited our 

experimental effort to confirming that Eq. (2) gives the correct amplitudes 

for the m = 0 and m = 1 echoes when y = Q. \ 

To sinplify the calil^ration of the ejq^eriment the procedure suimiarized 

below was used. The output voltage with the hydrophone (Fig. 1) positioned 

with Y = 0 gave time records like the one shown in Fig. 2. This was 

repeated for incident bursts having different values of ka. The following 3 

peak-to-peak voltages were determined for each ka: V^, which gives the 

specular airplitude and V^ (m = 0 and 1) giving the first two Rayleigh 

anplitudes. From these measurements, the ratios V./V„ and V /V  were 
'-' "3      IS 

calculated. The upper group of points in Fig. 5 gives the V„/v^ while the 

lower group gives V^/V^. The upper and lower curves follow from Eq. (2) with 
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1.00 

.90 

.30 

E^rimental and theoretical results for the bad^scatteroxag airplitudes of the 

first and second Rayleigh contriiDutions as a fixation of ka.    The airplitudes 

are normalized to the specular echo aiiplitude at the indicated value of ka. 

The dots are experiinental results for the 2.54 an diameter sphere,  the 

trxangles are results for. the 1.27 an diarr^ter sphere,  and the solxd lines 

theoretical resiolts "using the SWT/'"■"■■;■/■■''"^^^^^^^ 

Fig. 5 
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m = 0 and 1 and from our SWT predictions of the specular anplitude.^^ The 

agreement between experiment and theory is good enough to confirm our 

analysis. There is some uncertainty in the material parameters for these 

spheres and this may account for the small discrepancies evident. 

It is noteworthy that the SWT facilitates a simple physical ' 

understanding of the ka dependence of the curves in Fig. 5. The interested 

reader should refer to the discussion section of Ref. A6. 

D. Resonance Scattering Theory Revisited Via the Sonmerfeld-Watson 

Transformation 

One approach toward understanding the steady-state scattering from 

elastic objects, developed during the past decade,^'^ is Resonance Scattering 

Theory (RST) . The eirphasis has largely been on the interpretation frequency 

dependence of the backscattered arrplitude for elastic objects of sinple shape. 

For exanple. Fig. 6 shows the exact form function f, conputed by 

Williams,  '  for a tungsten carbide sphere in water; f is seen to fluctuate 

rapidly with ka. Also marked in Fig. 6 are the ka values of each (n,£)th 

resonance where the circumference is equal to n + (1/2) wavelengths of the 

£th surface wave type. The usual RST labeling prescription, discussed e.g. by 

Gaunaurd and Uberall,^ was used. The i = l    surface wave type corresponds to 

a Rayleigh wave on a tungsten carbide sphere while i > 2    corresponds to 

various whispering gallery waves. 

One of the goals of the present researah was to understand in detail 

the connection between the resonance locations and the fluctuations of f. 

What is unigue about our procedure is that, for the first tme, the direct 

results of the Sommerfeld Watson Transformation (SWT), suimiarized in Sec. 

IIIC, were used to quantitatively model f. It should be eirphasized that the 



15 
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^^ 
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I^e backscatterixag fonu Unction of a tungsten carbide sphere as a function of 

ka. Also indicated by the arrows are the real part of the RST resonances for 

n = 0-7 and £ = 1-8. The RST resonance locations ^^re taken from Table IV 

of Ref. 4 and the figure is similar to Fig. 4 of the same reference. 

Fig. 6. 
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procedure carried out is more generally applicable than to the specific target 

of tungsten carbide spheres considered (see Sec. IIIF). 

The actual application of the SWT to the modeling of the form ftmction 

and the critic^ae of RST is not hxighly mathematical. For brevity, however, we 

will summarize only the principal results and the interested reader should 

consult Ref. A7, C3, or Dl for details. The conputer programs used in this 

analysis are listed (or in some cases summarized) in Ref. C3 and Dl. Our 

discussion will be limited to f in the exact backward direction (y = 0 in 

Fig. 1) . The method and results are summarized as follows: 

(1) For each class I   of surface waves the geometric series in the 

corresponding SWT contribution to the form Sanction may be sunmed 

analytically. The geometric series is shown for the case of a Rayleigh wave 

as the sum over m in Eq. (2), in Sec. IIIC of the resent report. The use of 

an analytic sum was motivated by the traditional analysis of optical 

Fabry-Perot resonators. The contribution to f (with y = 0) for the Ith 

class of waves becomes 

f/ka)  =   -S exp [-2(71-9^)6^ + m^] 

^       {1 + exp[-2TT6^ + i27T(a^ + h)]}   ' "^^^ 

where the parameters are defined as in Eq. (2), for the specific case of a 

Rayleigh wave, but now for the more general surface wave. The new parameter 

is a^ = ^ Vji where v^  is the pole location in the corrplex v plane, 

discussed in our original SWT paper, Ref. A6 but generalized here to the ith 

wave type. 

(2) The correctness of this procedure was verified by coirputing the following . 

approximate form function 
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^SR ~  '^S ^ ^R' ' (4) 

where f^ is the specular contribution to f, given also by the SWT and f 
R 

IS the total Rayleigh wave contribution given by Eq. (3) with i = 1. 

Figure 7 cortpares f^^   with the exact modulus f^ of the form function given 

by the partial-wave series. It shows that f^^^ reproduces much of the 

fluctuations in f except for a fine structure associated with whispering 

gallery waves (see below) . ihe coirparison was carried out for the entire 

region 10 < ka < 80 and Fig. 7 is representative of the agreement observed. 

Unlike the procedure of RST for which a local resonance contribution 

to f must be calculated for each (n,l)th  resonance, the present 

approximation gives the contribution to f for the &th wave type for all 

^^ ^^ ^- ^^2 assertion was further confirmed by computing the following 

approximate form function 

^SRKG =  l^S ^ ^R^ ^ll '  . (5) 

"^^^^ ^WGl' 5^^^ ^y E<5. (3) with £ = 2, is the contribution to the form 

function of the slowest whispering gallery wave. Figure 8 cortpares f 
SRWG 

with f^.    TTie conparison was carried out for the entire region 10 < ka < 80 

and Fig. 8 is representative of the agreement observed. 

Inspection of Fig. 8 suggests that all resonance effects could be ' 

modeled with the aid of Eq. (3) by siirply including additional surface waves, 

those having I > 3. 

(3) The effect of a resonance on f^^ is clearly not the same for each 

resonance. Our analysis^'^'^3,Dl ^^^^^  ^^ ^^ ^^^^^ difference between f 

and the f^ greatly affects the shape of f^ near the (n,£)th resonance. 

Thus at the resonance frec^ency predicted by RST, f^^ need not have a miniinum 
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Fig.   8 
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(or for that matter a maxiinum) . We have found this issue to be somewhat 

obscured in the literature on RST. The shape is also affected by the coupling 

parameter G^ and the daitping paraineter B . '    '   :' '   ' :   ' 

(4) The resonance frec^ency for the (n,£)th resonance of a sphere is defined 

to be txhat ka where by the circumference is equal to n + (1/2) wavelengths of 

the £th surface wave. This condition on ka is ec^ivalent to a = n in Eq. 

(3). For this ka, the magnitude of the denominator of Eq. (3) is close to 

minimum. The resulting ka value is found to differ from the actual resonance 

prescription used in RST. The apparent error in RST is usually small, it 

depends on value of 6^. Furthermore, the prescription for the phase velocity 

of a surface wave given by RST is slightly in error when conpared with the 

more exact presunption given by our SWT. 

(5) Eq. (3) and our previous analysis of transmitted' wave glories^ should 

facilitate an understanding of the ka dependence of f^^ when ka is very 

large. Flax calculated f^ for aluminum spheres in water^ for ka from 900 to 

950; f^    was found to contain rapid fluctuations having different scales of 

<^asi-periodicity. Resonances have been asserted to be the cause of these 

fluctuations;^ however, we believe this interpretation to be incorrect for the 

following reasons:  (i) We have conputed the danping parameter B  for 
Z 

several surface waves on tungsten carbide, aluminum, and fused silica spheres. 

We find that B^ increases with ka such that for very large ka the factor 

exp[-2(TT - e^)B^]  in Eq. (3) will be small because of excessive radiation 

danping.  (ii) When ka is large, the nuirtoer of distinct transmitted wave 
Al 

contributions  to the form Unction becomes large.  (In an SWT analysis, 

transmitted wave contributions are associated with saddle points of a contour 

integral while the resonances are associated with poles of an integrand.)  It 
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is plausible that the interference of many distinct transmitted waves can 

cause rapid, pseudo-random, fluctuations of f^. This has been discussed 

previously for the optical analog: the backscattering of light from spherical 

bubbles in liquids."^ 

E. sm Calculations for Solid Spheres of Fused-Silica 

and Aluminum 

As a gjide to attenpted (or planned) experiments with other target 

materials, Williams obtained nuirerically the fijndamental parameters G  R 

and k^a for range of ka for various Rayleigh and whispering gallery waves. 

These SWr conputations were perfon:^ for solid spheres of fused-silica in 

water and aluminum in water. 

F. Other Experiments on Scattering from Smooth and Rough 

Spheres in Water 

Subsecjaent to the completion of the experiments discussed in Sec. IIIB 

and C, a new source transducer was obtained which permitted operation of the 

scattering facility at frequencies as low as 500 kHz.  (A modification to 

facilitate a significant farther reduction in frequency has recently been 

purchased.) Williams carried out preliminary scattering experiments with 

fused silica spheres in water having radii of 51.6 imi and 19.0 irni. These 

experiments manifest whispering gallery contributions to the backscattered 

echo train. 

Williams also carried out son^ experin^nts on forward scattering by an 

artificially roughened sphere. Silicone grease was applied to the surface of 

a 37 mm radius sphere. A layer of sand (dia.. 1 rmi) was applied to the thin 

layer of grease to effect a roughening of the large sphere's surface. The 

specific goal of the experiment (Ref. 8 p. 13) was to demonstrate propagation 
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and focusing of the Biot-Tolstoy boundary wave mode^ on a roughened sphere. 

The experiment was not successful; however, it was feasible to atteirpt the 

experiment with only a single fre^ency ( ~ 1 MHz) and scale of roughness at 

that time. 

G. iipplications of SWT and Mxiels of Focused Scattering to Echo 

Prediction for Coitplicated Elastic Structures 

The SWT  and model results discussed in SEc. IIIB-D (see Fig. 3) should 

be applicable to modeling the elastic responses of some coirplicated 

structures. Recall that an air-filled spherical metal shell in water support 

propagating surface waves.^ Instead of the Payleigh and whispering gallery 

waves propagated in solid spheres (at moderate ka) one has waves analogous to 

those propagated on flat plates; e.g., Lanto waves. Such waves will produce 

axially focused backscattering having directional patterns similar in form to 

Fig. 4. To obtain the parameters G^, e^, and k^a so as to make, use of 

Eq. (2) and (3) for spherical shells, it is first necessary to replace the B 

and D^ of Eqs. (Al) and (A2) of Ref. A6 by the determinants appropriate for 

a spherical shell.^^ ihe appropriate poles in the conplex-v plane rmst then 

be located. 

It may be argued on physical grounds that various nonspherical 

structures can also produce axially-focused backscattering if appropriately 

insonified. A sinple exaiiple is end-on insonification of a spheroid.^ Other 

exanples include cylinders having hemispherical end-caps and isolated 

hemispheres. In the latter two cases, a range of directions should be 

possible for the incident wave such that surface-wave contributions to the 

scattering manifest focusing. 

Our SWT analysis of axial focusing should be use&l for understanding  

the radiation pattern from elastic shells at high frequencies. For exairple. 
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the excitation of a submerged spherical shell by an oscillating radial point- 

force gives rise to elastic surface waves ("structure-borne waves") on the 
11 

shell.   The far-field radiation pattern will manifest axial focusing when a 

denominator in a coefficient corresponding to Eq. (3), is small. The largest 

focal effects would be seen along the axis (through the sphere's center) 

opposite the location of the excitation; however, focal effects should also be 

seen along the direction of the excitation if the relevant 6, is small. 

IV. Novel f^ifestations of Diffraction Catastrophes and Their 

i^lication to Inverse Problens 

A. Hyperbolic-lMDilic and Cusp Diffraction Catastrophes in the 

Scattering from a Penetrable Spheroid 

In experiments partially supported by O.N.R. done with E. H. Trinh 

(Jet Propulsion laboratory, Pasadena, California), r^ston recently discovered 

that diffraction catastrophes, not previously known to appear, are present in 

the far-field scattering from spheroids.^'^^ This ranks as one of the most 

fundainental discoveries of rainbow phenomena subse<^ent to Airy's theory 

(1838) of diffraction at the rainbow caustic. Though the observations^ were 

of light scattered from spheroids, they are helpful for understanding some 

types of acoustical caustics. At the ordinary rainbow caustic considered by 

Airy, two rays merge to produce an unusually flat outgoing wavefront. At the 

caustic associated with the new "generalized rainbows." three or more rays 

inerge^^ ^o produce a wavefront which is even flatter.  (See Sec. VIC.)  In the 

direction of far-field caustics, the Gaussian curvature K of the outgoing 

wavefront vanishes. Elementary geometrical optics predicts that the far-field 

airplitude is proportional to K^^^;  hence the predicted arrplitude has an 

unphysical divergence at caustics and diffraction gives an essential 

correction to the scattering arrplitude.^^ The scattering arrplitude near 
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caustics or "diffraction catastrophes" may be approximated using canonical 

diffraction integrals.   It is iirportant to note however, that if the 

scatterer is significantly larger than the wavelength X ,  parameters present 

-in the diffraction integral may be determined gecmetrically. Ihus it was 

proposed (Ref. 8 p. 14) to perform a skew-ray trace through a spheroid so as 

to calculate the axis ratio D/H of the oblate spheroids which produced the 

observed hyperbolic-umbilic foci where four rays merge. Prior to the 

conpletion of this calculation by I^ston,^ it was done in late 1984 by 

12 
Nye.   Marston and Nye obtain the same expression for the critical D/H; see 

Appendix I which is a reproduction of Ref. A9. The calculated D/H was in good 

agreement with the observations.^ See Fig. 3 of Appendix I for definitions 

of D and H. 

Significant deviations of the axis ratio D/H from the critical value 

caused the observed diffraction patterns to separate into that of a cusp 

adjacent to a rainbow (Airy) pattern. See Fig. 2(a) and 2(c) of Appendix I; 

similar photographs were given in Ref. A3 and Cl. 

Prior to summarizing additional research on directional (far-field) 

diffraction catastrophes, it is appropriate to note the connection with 

propagation and scattering problems of interest in acoustics. The most 

obvious connection is that short-^ravelength acoustical problems are analogous 

to ones in optics. It is much easier to observe optical diffraction patterns 

and consequently exploratory research on diffraction catastrophes is best 

carried out optically. Consider for exanple the diffraction of sound by a 

homogeneous penetrable spheroid at short wavelengths. If the sound speed of 

the interior is less than that of the surroundings, the acoustical scattering 

patterns will be similar to those shown in Fig. 2 of Appendix I for the 

analogous problem of light scattering from an oblate drop. Because of the 
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conplexity of these patterns, however, it appears unlikely that they would 

have been recognized as diffraction catastrophes if only hydrophone data were 

available from an acoustic scattering experiment. It is, however, inportant 

to recognize diffraction catastrophes when they occur since then the wavefield 

throughout a region can be described with only a few parameters and known . 

scaling laws  describe how changes in x   affect the aitplitude and the 

pattern's width. 

The real inportance of f^rston's study of far-field diffraction 

catastrophes is not so much that scattering from spheroids is iirportant but 

instead that this study gives insight into a potentially broad range of 

phenomena. Diffraction catastrophe's occur whenever a few rays coalesce. 

Most optical studies of them have been concerned with near field catastrophes 

where the focal region is either close to the source or close to the 

scatterer.^^ Likewise, the acoustical cusp diffraction catastrophe was only 

previously studied for the longitudinal near-field focusing^^ near a 

"convergence zone." It is now clear from the optical experiments^'^ that 

sinple wavefronts can produce focusincr transverse to the propagation direction 

such that the focal region extends out to infinity. It is clear that such 

directional caustics involving the coalescence of 3 or more rays will 

eventually be found for scattering and propagation of sound in the ocean or in 

other applications. 

It is appropriate to note that the axial foci discussed in Sec. Ill 

(review Fig. 1-4) are a special directional caustic for which an infinite 

number of rays coalesce. The resulting focal pattern is usually described as 

"glory scattering" and not as a diffraction catastrophe since the wavefield is 

not "stable" with regard to small changes of the initial outgoing wavefront. 
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nie distinction between glory scattering and diffraction catastrophes is 

further discussed in Ref. 8, 13, 14, and AlO. 
-      >   " ■ 

B. Angular Location of the Cusp and Inverse Scattering 

For spheroids inuch larger than A, the angular location of the cusp is 

determined by the axis ratio D/H. Consequently diffraction catastrophes may 

be use&l for decoupling size and shape information in the scattering pattern. 

The size of the scatterer may be determined from the angular spacing of the 

structure in the pattern. Hence diffraction catastrophes should be useful for 

inverse scattering: the problem of identifying, the size, shape, and 

conposition of a scatterer from its far-field scattering pattern. To  '  ' 

illustrate the aforementioned decoupling, ^^ston calculated geometrically the 

angular location of the cusp.^ The calculation is sunmarized in Appendix I 

where Fig. 4 demonstrates experimental confirmation. This is a novel approach 

to the inversion of far-field optical scattering patterns of nonspherical 

objects; however, the ideas of catastrophe optics have been applied to the 

inversion of seismic reflection data^^ and other near-field inverse problems. 

C. What Shape Must an Outgoing Wavefront be to Produce a 

Directional Cusp Diffraction Catastrophe? 

Marston carried out a novel calculation of the wavefront's shape which 

gives rise to a cusp in the far field.  (Recall that the right side of the 

Fig. 2(a) of Appendix I illustrates the cusp diffraction pattern.)  It is well 

known that near-field cusps may be described in terms of the following 

one-dimensional diffraction integral commonly known as the Pearcey 

fonction^^"^^ 

P(X,Y) = 

00 

±(.s^ +  Xs^ + Ys), 
e 'ds . (6) 
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lliis problem was solved by ^rston by making use of several properties 

of P(X,Y)  including the result^^ that the geometric caustic lies on what is 

known as a "cuspidal cubic curve" 

v3 _   27 ^2 
^ -    'T^     ' ,? (8) 

This curve is shown as the faint dashed line in Fig„ 8; on the left of it, 

d(s'^ + Xs2 + Ys)/ds = 0 has 3 distinct roots (s = s ,, j = 1-3) while on the 

right there is only one root. These roots must correspond to rays in the x,y 

plane of the outgoing wavefront. The result of the analysis is that f is of 

the form 

i(b x^ + b y^x) 
^(^57)  =  e ^    , (9) 

where b^ and h^    are real constants. Then integration over x in Eq. (7b) 

results in F - p ^ith the aforementioned liner proportionalities satisfied. 

Ihe stationary phase pDints of F map into those of P and Eq. (8) maps into 

a cusFoidal cubic curve having e^ . ^2 ^.^^ _ ^ ^^ ^^^ Gaussian curvature 

K vanishes for points on the outgoing wave directed toward F and ? on 

this cuspoidal curve. 

The result, Eq. (9), is novel and not anticipated by previous studies 

(e.g. Ref. 13-18, 20) of cusp diffraction catastrophes. With y = 0 the 

phase reduces to b^x^ which is the expected form. The term b2y2x is 

crucial to the formation of a directional cusp;  it is essential that h^ f 0 

if the directional cusp is to exist. 

These results are consistent with the following results from abstract 

mathematics: 

(a) The geometric singularity for the focusing of a one-dimensional 

wave whose diffraction integral reduces to Eq. (6) is classified 
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by Arnold  as an A^ singularity. Arnold shows t±iere is an 

invertable mapping (isomorphism) between classes of singularities 

and the Weyl groups. The specific sin(^larity due to the focusing 

of a wave whose initial airplitude is exp (is'^), where s is a 

i       transverse coordinate, maps into the A-, Weyl group. 

(b) When a wave descriijed by Eq. (9) comes to a foojs, the resulting 

geometric singularity maps into the D^ Weyl group. This may be 

seen by applying Arnold's form for the phase of a wave having a 

D^ singularity (usually only used for n > 4) to the specific 

case of n = 3. 

(c) Finally, and most important, there is an equivalency relation 

between the A^ and D^ Weyl groups.^^ 

It is also noteworthy that for the A3 wave type, three rays merge at the 

most singular point of the energy flux while for the D3 wave type three rays 

merge in the most singular direction. 

Perliaps to certain mathematicians, ^rston's derivation of Eq. (9) may 

have been unnecessary because of the aforementioned ecyjivalency relation 

between Weyl groups; however, acousticians will find :-4arston's analysis to be 

the most direct approach. " There are indications that additional optical 

studies of focused scattering will be helpful for understanding acoustic wave 

propagation. 



30 

V. Production of Sound by a Pre-existent Bubble in Water Illuminated 

by Modulated Light: A Novel Photo-Acoustic Source and Potential 

Tool for Investigating ik:isorbed Films on Bubbles 

A. Motivation for this Research and Review of Our 

Previous Work 

It is well known that focused pulses of laser light having an energy 

of about IJ and duration 30 ns can breakdown water so as to create a 

vibrating bubble; such "laser-induced" cavitation radiates sound. ^^ i^ the 

research supported by this contract, a conpletely new method for optical 

generation of sound related to bubbles has been demonstrated.^^ Small bubbles 

which existed prior to illumination by a laser pulse having an energy -10 ,j 

and duration ~5 ys were found to radiate sound. This novel photo-acoustic 

mechanism is being studied by a graduate student B. T. Unger, as a Ph.D. 

dissertation project. 

Some of the mechanisms whereby optical energy may be converted by a 

pre-existent bubble to acoustical energy are^^:  (i) the corrpression of the 

bubbles by optical radiation pressure and the resulting radxation of sound 

from the monopole oscillations of the bubble; and (ii) radiation associated 

with monopole oscillations driven by the heating and cooling of the gas within 

the bubble.  (The heating being due to the absorption of light by the gas and 

by the bubble's surface "skin" or surroundings.) r^chanism (i) is 

particularly unusual in that unlike most photo-acoustic sources, the 

production of sound is not driven by thermal expansion and contraction. 

The magnitude of the acoustic wave driven by (U) will depend on the 

presence of molecules near the bubble which absorb the light, m principle 

such molecule could be present as a surface film on bubbles in water. If such 

films on bubbles could be characterized photoacoustically, it would be of 
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special interest in physical oceanography and acoustics. This is because 

adsorbed layers are thought by some researchers^^ to significantly affect 

acoustical dairping and gas transport properties of bubbles in the ocean. 

Though we do not think we are studying such films in our present 

photo-acoustic experiments, the techni^es which we have developed for 

detecting weak, optically-stimulated acoustic emissions from bubbles may be 

applicable to film characterization. Other optical methods for characterizing 

such films will be discussed in Sec. VIC. 

During the previous contract period^^ we had occasional success at 

using a CW laser to optically levitate a bubble by way of the radiation 

pressure of light. This provided a ^iet environment whereby weak acoustic 

emission from a bubble, in response to the modulated output of a second laser, 

could be detected. Despite apparent detection of photoacoustic signals from 

bubbles by this technic^je^^ we have gone over to a much siiipler method of 

holding the bubble. This is because it was difficult to levitate on demand 

and also because of a decrease in the output power of one of the lasers. The 

signals detected in the new experiii^ts (reported in the next section) are 

unambiguously caused by photoacoustic-emission from a bubble. 

B. Detection of Photo-Acoustic Emission from Bubbles in Water 

The progress reported here was for the period 1 October 1984 - 15 May 

1985. During the period 15 May 1985 -15 August 1985 Unger was on leave (and 

was not supported by the contract). Unger has returned to this research and 

is presently calibrating the apparatus. 

We were requested by the Arr^rican Institute of Physics to prepare a 

News Release descriptive of this research for broad distribution. This 

release is reproduced as P^ppendlx  II of this report. It should be of interest 
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to readers unfamiliar with general photo-acoustics and bubble dynamics. The 

research was also reported in Science News.^^ 

Unger has used three methods of supporting single bubbles of gas. 

These are as follows: 

(1) The bubble is in contact with a thin horizontal hypodermic 

needle. The air in the bubble does not conmunicate with the 

gas within the hollow needle once the bubble is formed. 

(2) A bubble of E^  gas is formed by electrolysis at a tungsten " 

wire in water. The bubble floats upward from the wire and 

is trapped against a thin sheet (thickness ~ 6 ym) of 

transparent Mylar. The Mylar is supported by a wire loop 

having a diameter ~ 2 on, 

(3) The Mylar in method (2) is replaced by a thin glass plate 

(180 ym thick x 7 mm wide x 22 mm long). 

The radii of the bubbles trapped by these methods were in the range 25 to  ' 

125 um. ^   , 

Figure 10 (a) is a siiiplified diagram of the apparatus which shows the 

illumination path presently used.  (Support method (3) is illustrated.) The 

bubble is illuminated by a pulse (or repeated pulses as dis.oassed b^low) from 

the modulated output of an Ar-Ion laser having a maxlim^ power output 2: 2W. 

The laser is operated in the TEMOl- mode which is usually aescrib^ as the 

"doughnut" mode, because of an intensity minimum in the cencer of the beam. 

This pulsed beam is focused such that its outer diameter is somewhat larger 

than that of the bubble and its axis is centered on the bubble. As a 

consequence of the doughnut mode, most of the illumination inpacts the 
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bubble's surface v^ere the local angle of incidence 6, illustrated in Fig. 

10(b), exceeds the critical value of 0^ =48.6° for total reflection from 

the bubble's surface. The reflection of light from the surface iirparts a 

force v;hich cbirpresses the bubble and drives photo-acoustic mechanism (i) 

discussed in Sec. VA. ^fechanism (ii), thermal expansion, should be SIIHII for 

this apparatus because of the optical absorption by the gas, surface, water, 

and substrate are all expected to be small (except perhaps, for the case of 

support by a hypodermic needle) . Note that the irradiance minimum near the 

beam's center reduces the illumination in the region 8 < 9^. The beam power 

entering the bubble and then the substrate at the region where the bubble and 

substrate touch should be less than that power which either misses the bubble 

or is reflected from the bubble. We anticipate therefore that for support 

methods (2) and (3), mechanism (i) will dominate the production of sound. 

To estijnate the strength of the acoustic source, it is first necessary 

to average the radial (or coitpressive) projection of the radiation stress over 

the entire surface of the bubble. This average has been estimated by 

considering only the stresses due to the totally reflected portion of the team 

and by approxd^nating the incident wave as a plane wave having an irradiance I 

independent of e. The resulting average pressure is^^    - 

Pr -FI, F= (3c^)-\n^cos39^, (10a,b) 

>^ere n^ = 1.33 is the refractive index of water and c^ is the speed of 

light in a vacuum so that F = 4.3 x lO'^O s/m. The irradiance,at the 

bubble's surface should have a magnitude . 2Wu{0.1 ma)^ .  6.4 x lo"^ W/m^. 

This value for I gives p^ =0.027 Pa (Pascals). 

In the experiment, the irradiance I is mo<±ilated so that p 
^r 

depends on the time. To estimate the acoustic pressure aiiplitude p 
^A 
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radiated by the pulsating bubble it is convenient to take p  to be a 
r 

sinusoidal function of time 

^r^^^    "   P„o[l + cos(2TTft)], (11) 

and to apply standard results from the theory of the scattering of a steady 

. acoustic wave from a bubble. To apply these results p^^ takes on the role 

of the anplitude of an incident acoustic wave and we use the fact that the 

bubble radius a « the acoustic wavelength in water = c/f. Then the 

modulus of p^ at a distance R from the bubble is predicted to be^^ 

'PA' = Pro ^^/^  '       . (12) 

where the fijnction G(f) has the following limting forms^^ 

G = (f/fQ)^    for f « f^ 

G = Q        for f = f^ ,        ■ (13) 

'^ - 1 for  (c/2TTa) » f » f 

Here f^ is the fre<^ency for monopole resonance which for a free bubble is 

approximately given by 

f =: -1- (^Hl-^'-i      3300 kHz 
0  27ra ^ p ^  ~  a(yni)  '   " (1^) 

where p is the density of water, p^ = 1 atm is the static pressure, and 7^ 

1.4 is the polytropic constant appropriate for either air or E^    gas within 

the bubble. Instead of applying the results of scattering theory, Eq. 

■(12)-(14) may be derived directly from bubble mechanics. For our size range 
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Figure 9 is a reproduction of Pearcey's original (1946) plot^^ of |P(X,Y) U 

This,  and other plots, ^^ suggests that the anplitude near a directional cusp 

must be proportional to P(X,Y)  such that a horizontal scattering angle 

(relative to the cusp point in Fig. 3(b) of the Appendix) F = 9-63 and the 

vertical scattering angle ^ are locally linear in the arguments X and Y, 

respectively (83 denotes the cusp point location and 9 is the true 

horizontal scattering angle; see also Appendix I for a discussion of ^O The 

linear proportionalities Xo= - 9 and Y cc 5 also follow from the nuirber of 

stationary phase points in regions of (Q,^)    space partitioned by the 
13 18 

caustic.  '   unlike the form of Eq. (6), however, the far-field anplitude u 

at a distance r from the outgoing wavefront of anplitude f(x,y)  is given 

by a two-dimensional Fourier transfom 

u(e,,)  = ^e^^^F(9,0 . (7a) 

F(e,?) = ^ 
ZTT 

p/  s -ik(9x + ry) 
f(x,y)e        ^^^dxdy . (7b) 

This follows from sealer diffraction theory,^^ the Fraunhofer approximation, 

and the assunption that the angles F and ^ are each much smaller in 

magnitude than 1 radian; r is the distance of the observer from the origin 0 

Of the xy plane in which the conplex anplitude f (x,y)  of the outgoing wave 

is specifiel. The direction defined by e = , = 0 lies perpendicular to the 

xy plane. The problem of finding the shape of the outgoing wavefront reduces 

to finding the form Of f(x,y)  such that F (9, ,) .p(x,Y) with X oc - ^ 3^^ 

^ - C 



}nt.ourB of inotluliia of the ouej) function I(X. Y)= f        exp i(Yt |- X/»-f-<<) dl. 

B'lg.   9 
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2S 
of bubbles the predicted^^ "quality factor" Q - 10 and the predicted naximum 

value of G C:Q. TO estijnate the magnitude of the steady-state response at 

resonance we take p^^ = 0.02 Pa, a = 0.1 mm, R 100 rrni, Q = 10 and Eq. (12) 

gives |p^| c: 0.0002 Pa. 

Because the magnitude |p^! of a freely spreading wave is estimated 

by Eq. (12) to be small, an ellipsoidal reflector was used to focus the 

acoustic emissions from the bubble onto the hydrophone. See Fig. 10(a). 

While focusing enhanced the sensitivity and made possible the detection of 

emissions from the bubble (stiinulated by the low available optical powers), 

focusing conplicates the measurement of acoustic source strength. 

.  Ihe procedure used in the experiments was as follows. A bubble was 

trapped and its diameter was measured with a microscope. The bubble was then 

illuminated by a rectangular pulse of light such that the pulse width T is 

less than (2fQ)   as estiinated from Eq. (14) . It may be shown that the 

resulting  p^(t)  approximates the iirpulse response at a linear system where 

Kt)  is the input and the bubble's acoustic emission p^(t)  is the output. 

(If the long-time behavior of p^(t)  is of interest it is also necessary to 

include the reverberations, of the emitted sound, from the walls of the 

chamber. These reverberations do not alter our interpretation of the 

experiments.) To obtain p^(t) with a satisfactory signal-to-noise ratio it 

was necessary to repeat this procedure and average the records obtained by 

using the Data Precision Digital Signal Processor.  (Typically 256 records are 

averaged.) The resulting averaged inpulse response p,(t)  is Fourier 

transformed by the signal processor via a FFT algorithm. This gives the 

frequency response g(f) of the bubble which should be proportional to the 

function G(f)  in Eq. (12). The peak in the observed g(f) was measured to 

give an eirpirical resonance frequency f . 
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The second stage of the experiment for each bubble was to demonstrate 

^^^^ bubble oscillations can be optically punped at resonance to significantly 

increase the radiated arolitude p^(t) . This was carried out by illuminating 

the bubble with a train of 4 pulses. The duration T of each pulse was 

adjusted to be (af^^)" . The tinB separation between each pulse in the train 

was also taJcen to be T. Thus the modulatir.g-spectrum of the illumination 

Kt) was sharply peaked at the enpirical resonance f^^. To achieve a good 

signal-to-noise the emission p^(t) was repeatedly recorded. The resulting 

averaged resonance response p^(t) had an initial increase in airplitude for 4 

or 5 cycles followed by a decay. The maximum oscillation airplitude typically 

exceeded that of the impulse response, by a factor > 2. The observed D 

displayed the qualitative features expected for radiation by a resonator 

driven by a burst of pulses. 

Figure 11 illustrates the signals obtained for a representative bubble 

with the configuration illustrated in Fig. 10(a). " The measured bubble radius 

was 35 urn for which Eq. (14) gives f^ == 94 kHz and (2f, )"^ == 6 us. The 

bubble was then illuminated by single pulses of daration T = 5 ys and the 

averaged ijpulse response shown in Fig. 11 (a) was obtained.  (The vertical 

scale is the voltage output from a preamplifier/band-pass filter.) The ETT of 

this record was peaked at the enpirical f^^ = 77 kHz. Figure 11(b) shows the 

averaged response to four pulses with a duration and spacing given by 

^ " ^'^^OE)        ^^'^ ^^^^ oscillations were forced at the frequency f 
OE 

The leading edges of the signals in Fig. 11(a) and (b) are at 93 ys on 

the scale shown. These are close to the appropriate time allowing for 

propagation from the bubble to the hydrophone and other delays. On the scale 

shown, the bubble is first illuminated at 2.3 ys and there is an electronic 

group delay introduced by the preanplifier/band-pass filter of 2 us so that 
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the enpirical propagation delay is 93-4 = 89 ps. The propagation distance in 

water for a signal via the ellipsoidal reflector is -  128 nun so the predicted 

delay is 128 mm/(1.49 im/vs)  =  86 vs.    The observed signals clearly originate 

at the site of the bubble. However, in the absence of a bubble no signal is 

detected. 

Figure 12 plots the measured --/alues of natural frequency f '  of a 
OE 

bubble as detennined from the FFT of the averaged iirpulse response. Ihese are 

plotted as a function of the measured reciprocal bubble radius a"^. Also 

shown are the approximate natural frequencies given by Eq. (14), the dashed 

line, together with an improved approximation from Ref. 26 (which includes 

effects of surface tension and a re<±action in the effective polytropic 

constant) that gives a lower predicted f^. The observed natural freq-uencies 

are clearly close to those predicted for simple monopole oscillation of a 

bu^le. Some comments on the discrepancies are in order:  (i) Hie measured 

foE' ^2 ^i^^ ^y the peak in the ETT output, sometimes lies below the mean of 

the spectrum. For exanple, for Fig. 11(a), f^^ is 77.1 kHz while the 

spectral mean is closer to 80 kHz.  (ii) The siirple theories plotted do not 

include the shift in the downward natural fre<^ency due to the support. 

Though this shift has been previously predict'ed to be small for bubbles 

supported by thin polymer films (e.g., the Mylar) it need not be negligible 

for bubbles supported by the thin glass plate.2"^  (iii) For experiments done 

prior to ;^ril 17, 1985, there was sometimes a drift (reduction) in the size 

of the bubble during the recording of the averaged iirpulse response. This is 

to be expected for small bubbles as the gas dissolves. Subsecjaent to April 

the surrounding water has been saturated or supersaturated with dissolved gas 

(CO2) to reduce the rate at which gas from the bubble goes into solution. 
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^iich of the data shown in Fig. 12 was for illumination by a downward 

propagating light beam. Since i^ril we have switched to the upward 

• propagating beam as shown in Fig. 10 (a) since the bubble emissions are easier 

to detect than in the downward propagating case. Evidently the surface'of the 

bubble can be distorted close to the point of contact with the support. It is 

to be expected that this distortion would reduce the available area for total 

reflection from the bubble's surface in the case of a downward propagating 

beam but that it should have a negligiJDle effect on the total-reflection area 

for the case of an upward propagating beam. Experiments are underway to 

further iirprove the reproducibility of the photo-acoustic signals as well as 

to indicate unambiguously the sign of the leading pressure fluctuation 

radiated by the bubble. Thereby we hope to clarify if the radiation pressure 

mechanism is indeed the dominant one as suggested by these observations. 

During the course of these experiments we have also detected 

photo-acoustic emissions of dyed (or clear) drops of oils in water. 

VI. Light Scattering from Bubbles in Water: Consideration of "Real" 

Versus "Ideal" Bubbles 

A. Motivation for this Research and Review of Our Previous 

Research 

This contract has previously supported research towards understanding 

the scattering of light from bubbles in liquids.^^   A three-pronged approach 

has been used in these studies:  (i) ^antitative and (^alitative observations 

and discovery of scattering phenomena; (ii) numerical evaluation of 

partial-wave series (such as the ^4ie series) which are for special bubble 

shapes (e.g., spheres) and comparison of these results with data; (iii) 

construction and evaluation of siirple physical models which are both 
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the scattering pattern of freely rising bubbles in water to be essentially 

that of a sphere. Our previous visual observations (unpublished) showed that 

the backscatterinq or "glory" from sufficiently large bubbles in water 

deviated from the (sin2 )^  symmetry predicted for spheres. To <^antify these 

effects and other reasons noted below, a graduate student, Pat Amott, has 

teen working with Marston to photograph for the first time the badcscattering 

pattern from bubbles freely rising in water while siimltaneously measuring 

their diameter D. 

The measurement configuration used by Amott is essentially that used 

in our previous work on glory scattering (see, e.g., Ref. D2. Fig. 1 of Ref. 

32, or Fig. 2 of Ref. AlO) . The iiiportant differences are:  (i) the 

illumination is now vertically-polarized light (from an Ar-Ion laser) having a 

wavelength A = 514 nm and (ii) the bubbles rise freely in water through the 

scattering chanfcer, having been created on a needle about 10 on below the 

chamber. Figure 13 shows representative photographs of the cross-polarized 

backscattering obtained as of September 1985. Figure 13(a) shows the 

scattering pattern for a bubble on water having D - 0.18 imi. The dark 

vertical and horizontal bands (at <P =  0°, 90°, 190°, and 270°) run through the 

center of symmetry (the backscattered direction) and are consequence of the 

predicted (sin24^2 dependence and the dependence on the backscattering angle 

Y is similar to that expected for cross-polarized glory scattering. The 

pattern appears qualitatively to be that expected for a spherical bubble. 

Figure 13(b) shows the pattern for a bubble having D = 0.21 nun and the 

pattern is again qualitatively that of a sphere. For bubbles which were 

sufficiently larger, there were clear deviations from the predicted , (sin2f) ^ 

syiimetry as evident in Fig. 13(c) for a bubble having D - 0.40 irni. These 
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deviations are clearly seen also in Fig. 13(d)/ which is for a bubble having 

D - 0.34 mm. Note that Figs. 13 (a)-(c) are printed with coirmon angular scale. 

At present the available photographs suggest that deviations from 

sphericity do not qualitatively affect the scattering pattern if the bubble is 

smaller than about 0.30 rrni diaiiBter but that qualitative deviations are 

clearly evident for bubbles having diameters > 0.40 imi. For the size range 

studied the eccentricity of the bubble increases with the diameter. We hope 

to decrease the background noise evident in the photographs and to develop 

quantitative models of scattering from nonspherical bubbles in water. 

It is appropriate to note that this problem may also be tied into our 

research on diffraction catastrophes (Sec. IV) because of suggestions^'"^ that 

the backward axially focused scattering from spherical objects (in this case 

bubbles) breaks-up into diffraction catastrophes when the axial symetry of 

the scatterer is perturbed. In the terminology of catastrophe theory^^'^'^'^^ 

we are studying the unfolding of the glory of a bubble in response to such 

perturbations. 

C. Scattering of Light from a Coated Mr Bubble in Water: 

A Conputational Study of the Optical Effects of 

Adsorbed Films 

As described in Sec. VA and VIA, bubbles in the ocean are thought to ' 

sometimes be coated by layers of surface active molecules. It is 

energetically favorable for such molecules to be situated at the air/water 

interface of the bubble instead of in the surrounding water. The effects of 

such molecules on bubble optics and acoustics are unclear. ' With the intent of 

studying this problem, ^ferston obtained in 1982 a computer program which could 

be adapted to give the optical scattering properties of coated bubbles. The 

partial-wave solution for electromagnetic scattering from a coated sphere 
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quantitatively useful and promote understanding. The general motivation for 

such research has been reviewed^'^^ and we need only note here the following 

aspects: 

1. The use of light scattering as a tool for studying bubbles  ' 

in the ocean is on the increase. Such studies are 

iirportant for several reasons:      .'' 

(a) Naturally-produced bi±>bles appear to affect the 

operation of high-frequency sonar systems.^^" The creation 

and evolution of such bubbles depends on the sea state; 

however, the detailed processes are not well 

understood.^^'^^"^° 

(b) Such naturally produced bubbles are also inportant in 

physical and chemical oceanography since they affect the 

exchange of gas, sea salts, and other chemicals at the 

air-sea interface. 

(c) Since World War II, it has been known that wakes 

affect sound waves and that one of the significant causes 

appears to be bubbles trapped in the wake. It is not well 

understood why the bubbles appear to last for a long time/ 

however, there has been recent speculation that adsorbed 

layers of surface-active molecules significantly reduce 

the rate at which the. bubbles dissolve.^'^'^^     .-.:^.- ':- i'' 

2. Light scattering may prove to be a use&l probe for 

studying the response of a bubble to sound waves. A 

quantitative discussion is given in Ref, Bl and Cl which 

is based in part on previous contract research.^^ 
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3. The detection and characterization of itiicrobubbles is 

inportant in research on hydrodynamic as well as acoustic 
Cl cavitation. ■ "" " ^ 

4. Microbubbles are used as tracers in hydrodynamics 
Cl research. 

5. The scattering of light from bubbles in the ocean^^*^ may 

influence optical technologies for detection of (or 

communication with) submerged objects. The polarization 

properties of light scattered from bubbles may be 

particularly significant,^^,AlO 

Our previous research has continued to be used by other researchers^^ 

for interpreting data on the population spectra obtained by optical means. It 

appears worthwhile, however, to explore certain "real" bubble phenomena not 

included in our previous models of "ideal" bubbles (spherical bubbles having 

clean siirfaces) . 

B. Observations of Optical Backscattering from Freely Rising 

Bubbles in Water: The Unfolded Glory of an Oblate Bubble 

The cross-polarized near-baclcward and near-forward irradiance I 

scattered from spheres has a predicted dependence on aziimthal angle c^   of 
32 AlO 7 

the form: '    i^ <, (sin2f) . The incident light is assumed to be linearly 

polarized. This is in qualitative agreement with the observed aziiruthal 

symmetry of backscattering from air bubbles in a viscous silicone oil which 

should be nearly perfect spheres. On the other hand, freely rising bubbles in 

water are subjected to hydrodynamic stresses which deform bubbles into a shape 

closely resentoling that of an oblate spheroid"^^ with a vertical axis of 

rotational symmetry. For illumination by horizontally propagating light, our 

measurements of near critical-angle scattering in the horizontal plane show 
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(c) (d) 

Cross-polarized backscattering patterns of freely-rising bubbles in water. 

The definition of the azimuthal angle Gp is shown. The backscattering angle y 

is proportional to the distance from the center of the pattern. 

Fig. 13 
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33 
IS known  and this program numerically evaluates that series. Unfortunately, 

hitherto the resources were not adequate to complete the testing of this 

corrputer algorithm. A graduate student, Stuart Billette, is presently working 

on this, problem. It is our intent to coirpute how thick the film needs to be 

(for a range of refractive indices) for the scattering from bubbles in water 

to be significantly affected by the coating. Light scattering may prove to be 

a useful diagnostic tool for in situ measurements of the film thickness on 

bubbles in water. 

D. Forward-Optical Glory of Bubbles in Silicone Oil and in Water 

and Near-Forward Scattering Properties of Bubble Clouds 

A brief description of our previous research^^'^^ ^^ ^^^^ ^^^^^^ ^^^ 

been submitted for publication.^^ This includes photographs of the cross- 

polarized foxvard optical glory pattern of a bubble in silicone oil having a 

diameter of 0.25 rrni and of a bubble cloud in water. D. S. Langley (who 

presently teaches at Whitman College, Walla Walla, WA) is preparing a detailed 

manuscript on this research. 

VII. Other Research 

Other previous research, supported partially by O.N.R., which was 

published or submitted for publication includes:  (i) calculations of the 

radiation torque  and angular mon^ntum of the scattered field^^ for spheres 

illuminated by circularly polarized light; (ii) research on the oscillation 

and break-up of oil drops in water stimulated by the modulated radiation 

pressure of high-freqaency sound;^ and (iii) experiments which demonstrated 

rapid cavitation in water (and in ethelene glycol) which resulted from the 

reflection of a shock pulse (of duration < 2 us) from a free liquid 

surface.^8,Cl ^   ^ ;,  .......^ -• 
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Cusp diffraction catastrophe from spheroids: 

I generalized rainbows and inverse scattering 

Philip L. Marston 

Department of Physics, Washington State University 

Pullman, Washington 99154 

(abstract) 

The angular location of the recently discovered cusp pattern in the 

S3.T-£±sld  scattering from an oblate spheroid is calculated as a function of 

the aspect ratio D/H. The calculation assumes the diameter D » \ and is 

limited to illumination perpendicular to the short axis of the spheroid.  It 

agrees with observations for water drops in the range 1.22 < D/H < 1.37 with 

D - 1 nm. 

PACS Nos. 42.10.He, 42.20.Gg, 03.30.+r 
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The scattering from spheroidal drops of water into the rainbow region was 

recently observed to manifest hyperbolic-umbilic and cusp diffraction 

catastrophes not previously known to appear.^ In the present letter, the 

angular location of the cusp is calculated as a function of the axis ratio of 

an oblate spheroid. This calculation is compared with previously unreported 

data and applications of these phenomena to a restricted class of inverse 

scattering problems are noted. As in the original paper,^ the emphasis of 

this letter is on illumination by a monochromatic plane wave with a wavelength 

X    which is much smaller than the drop. The conditions under which a cusped 

rainbow might be observed in nature, as a result of solar illumination of 

rain, will also be considered. 

The scattering patterns observed are a generalization^*^ of the primary 

rainbow formed by a spherical drop..^'^ ^^^ geattering is enhanced near foci 

where the amplitude diverges unphysically according to geometrical optics.^ 

Catastrophe theory^"^ classifies foci and removes these divergences by 

introducing canonical diffraction integrals. The classification is in terms 

°^ diffraction catastrophes; the rainbow of a sphere is a manifestation of a 

fold diffraction catastrophe. Like the rainbow, the novel catastrophes for 

the spheroid are examples of angular or fai>-field foci (though the foci are 

not confined to the far field). Near focal angles, the scattering amplitudes 

are large and the patterns may be useful for characterizing the scatterer. 

Umbilic near-field foci have been observed in the light transmitted by liquid 

lenses (on glass plates) or reflected from curved surfaces.^"^ 

The scatterer to be considered is a water drop whose shape closely 

approximates that of an oblate spheroid with the short axis (the symmetry 

axis) vertical.  In the experiments, the drops were illuminated by a 

horizontally propagating (and randomly polarized) Gaussian beam with 
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A = 633 mn. The drop's diameter will be denoted by D in the horizontal 

• equatorial plane P, and by H along the vertical axis. The beam diameter 

greatly exceeded D and the incident wave approximated a plane wave. Rays 

which are incident on the equator are confined to P. The relevant rays are 

the once-reflected (twice-refracted) rays shown in Fig. I. They have a 

minimum scattering angle of 6^ - 138° which is the scattering angle of the 

Descartes ray.. 

The experimental apparatus is described in Ref. 1 and will be reviewed 

here. An ultrasonic standing wave in air was used both to levitate the drop 

and to control its axis ratio q - D/H.  The oblate shape is due to the spatial 

distribution of the acoustic radiation pressure.- The ultrasonic wave was 

vertically directed; raising its amplitude increases q.  The scattering was 

photographed by a camera focused on infinity. The pattern recorded was 

equivalent to the angular distribution of the irradlance in the far-field 

(which is at: distances ^ » D^/X from the drop) . Horizontal and vertical 

coordinates In each photograph were linear In the horizontal and vertical 

scattering angles  8 and r,  where ^ is measured relative to plane p.  A 

second camera, focused on the drop, facilitated the measurement of D  and H. 

In the following discussion of the qualitative features of the 

scattering, it will be convenient to use Arnold's symbols A , A , and D"*" to 
3 2  3'      4 

designate fold, cusp, and hyperbolic-umbilic diffraction catastrophes, 

respectively. For q sufficiently close to unity, an A^ pattern is , ,    

observed consisting of supernumerary arcs described by Airy theory for the 

dominant polarization.^ Increasing q shifts an A3 pattern into view in 

the region for large 9 scattering; also the arcs of the A^ pattern become 

noticeably bent. Figure 2(a) shows this scattering pattern for a drop having 

q = 1.23  and D = 1.39 mm. For q at (or very close to) a critical value 
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measured to be 1.305 + 0.016, the pattern in Fig. 2(b) is observed. This 

corresponds to the focal section of a D^ pattern. Further increases in q 

cause the pattern to separate back into A^ and A^ patterns. Figure 2(c) 

shows this pattern for a drop having q =1.37 and D = 1.40 mm. The  6 of 

the Descartes ray in P does not depend on q.  Consequently the location of 

the left-most fringe in the A^ patterns (visible eq. in Fig. 2(a) and (c)) 

are observed to be aearly independent of q.  In the region close to 

(9,Q - ^^R'^^'  patterns with q close to that of the focal section display - • 

features expected of DJ diffraction patterns.* The A3  pattern, when well 

separated from 9 , displays the features expected from the canonical A 
3 

diffraction Integral which is the Pearcey integral.^'^ 

The D^ catastrophe occurs because there are two once-reflected (twice- 

refracted) rays which are got confined to P but which merge with the Descartes 

ray when q takes on the critical value of^ q - [2]i^/U(\i^ -  I)]^^^  = 1.311 

where the refractive index u of the drop is 1.332. This is in agreement 

with the aforementioned measurement. The two new rays, which may be 

classified as skew rays,^" were first noticed from photographs^ of the drop 

taken with a camera whose aperture lay near P at a scattering angle > 9 . 

Figure 3(a), drawn from such a photograph, shows the locations of the rays as 

they leave the drop. Rays 1 and 2 correspond to those in Fig. 1. The 

existence of the skew rays is consistent with there being up to four 

stationary points of the phase function within the D?^ diffraction 

5 8 
Integral. '  with q ?* q^, the scattering pattern may be partitioned into 

three regions giving the number of nondegenerate stationary-phase points of 

the diffraction Integral. These give the number of rays which propagate to 

each region as shown in Fig. 3(b).  Equatorial rays (or their generalization 

for c,   =4 0) are present in the two-ray region. 
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Three rays merge in the direction of the cusp point.^ For the problem 

under consideration these consist of two skew rays and one equatorial ray. 

This focal direction is (9.0 - (83,0) where 83 is related to q by the 

calculation which follows. First consider an equatorial ray scattered toward 

6. Let the first to two vertices for this ray be denoted by points U and 

U'  in plane P (Fig. I). The angles of incidence and refraction at U will 

be denoted by i and r, respectively.  Snell's law gives  sin i - u sin r 

and geometry gives  8(1,r) = 180° - 4r + 2i. Now consider an incident ray 

parallel to the ray incident at U, but displaced vertically from it by a 

small distance  £. The first vertex of this skew ray is at v where the 
•KM 

origin of the coordinate system is the center C of the circle in P.  The z 

axis is vertical giving v^ = g.  The scattered skew ray has  ? = 0(£)  except 

when  9 =. 83  in which case  c = 0(e^). Through terms of 0( e^), the skew ray 

is directed horizontally after leaving the drop if the incident ray lies above 

the equatorial ray having  8-83. This skew ray, when In the drop, reflects 

at a vertex at v^'  which coincides with U'  except for residual O(e^) 

terms.  (The argument also applies to the skew ray incident below plane P.) 

A related argument was introduced by Nye^ in his derivation of q . Let n 
4 ■vv\ 

be a unit vector directed along the refracted skew ray between v and 

Z!   'Z'^    ^' ^' J'  ^""^ ^ ^y be computed using Herzberger's formalism.^° 

The aforementioned condition that v^/e ^ 0 as  £ ^ 0 gives the following 

condition linking q with S - sin^l of the associated equatorial ray: 

q '    U[2w'(w' - w)]"^,  w'  -  (y2 _ g)^ ^ ^^^ 

where w - (l-S)"^ and  83 - 180° + 21 - 4 sin-^S^^/u)  give a parametric 

representation of q(83). A coplanarity condition discussed by Nye^ 

equivalently yields (1). 
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Figure 4 shows the resulting q(9^) obtained by taking i as a 

parameter which runs from 0°, giving point L, to go"", giving T. The usual 

rainbow condition, S - (4 - u^)/3 , gives  8,-9, and q - q .  To test the 

calculation, (8^ - 9^) was estimated from photographs of the scattering 

pattern. Plots of the Pearcey integral^'^^ show that the cusp point location 

9^  is less than the  9 of the irradiance maximum because of diffraction.  A 

line drawn close to the outermost discrete nulls of the Pearcey integral 

crosses the cusp. This procedure was adapted here so that (9 - 9 )  could 

be estimated in the absence of densitometer scans.  Figure 2(a) and (c) give 

^^3 ~ V    °^  ^*° ^"*^ **^ ' respectively. A photograph of the drop's profile 

was recorded within a few seconds of the diffraction pattern. Experience with 

the measurement  of q^ shows that even with a well defined condition and 

several photographs, there is a substantial uncertainty in the measurement of 

q. This appears in part to be a consequence of drift in the levitation 

position of the drop and because of the continual evaporation of the drop. 

The error bars on the data for each pair of photographs were estimated from 

the experience with q^, comparison with other profile photographs in a 

sequence (when available), and the magnitude of ^dependent corrections not 

incorporated in the estimates of 9^. Systematic uncertainties may also be 

present since the incident beam may not be exactly horizontal and the drops 

are not perfect spheroids. The measurements evidently confirm the 

calculation. 

As i ^ 90°, Eq. (1) gives q ^ q^ ' M^U' - 2)'^  = 1.070  and  9 ^ 
'T 

- ^66 . This is a Fock-type transition for the ray labeled 1 in Fig. 1; 

Fresnel coefficients lead to the incorrect prediction that the scattering 

amplitude associated with this ray vanishes as i -^ 90°. The branch of  9 

for the region q^ < q < q^  locates the merging of the rays labeled I, 3, and 
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4 in Fig. 3(a). As i -^ Q°,  Eq. (1) gives  q ^ q^ - ['^(2^ - 2)]% =1.416 

and  9 -^180° which is Nye's predicted lips event.^ The branch of 83  for 

the region q^ < q < q^ locates the merging of the rays labeled 2, 3, and 4 

in Fig.. 3(a). The merging of skew rays with either of rays 1 and 2 was 

confirmed from photographs of drops. For a given angular location of the 

camera's aperture, the values of q which produced a merging of rays were 

consistent with Eq. (1). See Fig. 5. 

Diffraction integrals applied to this scattering problem lead to the 

following scaling laws for the irradiance I at the focal angles of A , A , 

and D^ catastrophes:  I « (D/A)^(D//i)- where q  is fixed and p = 1/3, 

1/2, and 2/3, respectively.  Experimentally, the foci listed in the order of 

increasing apparent exposure are A^. A3, and D^ which is in qualitative 

agreement. For the inverse problem of determining q, measurements of  (9 - 

9^) may be useful even if D  is not well known since Q^     is independent of 

D » A.  In principle, D may be determined from the widths of the diffraction 

structures near the foci (for the scaling laws see Ref. 5) or from the value 

of  r.  The A3  and D^  patterns may be used as benchmarks for testing 

12 
algorithms  for the scattering. 

Freely falling raindrops have an oblate shape.  If the sun is very near 

the horizon, they might exhibit an A3  focus or "cusped rainbow" in addition 

to the usual A2^ rainbow. The drops need not be exact spheroids since the 

principal curvatures at the equator determine 83. The D/H of raindrops 

increase with D; models cited in Ref. 1 suggest that a drop with D/H = g 
^T 

has D == 1.8 mm. For the A3 focus to be visible it may be necessary to have 

D > 1.8 mm. Drops in a shower will have a distribution of effective q and 

dispersion causes  9^  to depend on \    as well as q. 
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Figure Captions 

Fig. 1. Rays through a spheroidal drop in the horizontal equatorial plane. 

Fig. 2. Photographs of the scattering into the rainbow region. The 

horizontal scattering angle 9 increases from left to right. The axis ratio 

D/H of the drops increases from (a) to (c). 

Fig. 3.(a) Locations of once reflected (twice-refracted) rays as they leave a 

drop,  (b) Partitioning of a scattering pattern with D/H ^  q . 

Fig. 4. The dependence of D/H on the cusp location 9 . The prediction is the 

curve and the •• are measurements.  A- is the measured q  from Ref. 1. 

Fig. 5. Drops having D/H of (a) 1.21 and (b) 1.14. The camera's aperture is 

at 9 = 143  which is close to 9^ for (a) but is well inside the two-ray region 

for (b) . Ray 1 is visible near the left edge of each drop however in (a) skew 

rays merging with it form a bright arc. The bright patch near each center is 

not related to the laser illumination. It is from the diffuse source used to 

highlight the profiles. 
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Optically Stimulated Sound from Gas Bubbles In Water: 
A Novel Optoacoustic Mechanism* 

Bruce T. Unger and Philip L. Marston 
Department of Physics 

Washington State University 
Pullman, Washington 99164 

Sound is produced when intense light is absorbed by matter. This 

affect was discovered in the 1880's by Alexander Graham Bell, Wilhelm Rontgen, 

and John Tyndall. The phenomena of generating sound from light has become 

known as the optoacoustic (or photoacoustic) effect. Interest in this effect 

has grown rapidly since about 1970 as modulated laser light became widely 

available to researchers. The optoacoustic effect is frequently used to study 

the wavelength dependence of the absorption of light by gases, liquids, and 

solids. The common physical mechanism in these applications is the heating of 

matter which is the consequence of the absorption of light. The local 

temperature Increase causes an expansion of the material. The illumination is 

modulated in time so that the material alternately expands and contracts 

generating sound waves which propagate outward from the heated region. 

The novel result of our research is that small gas bubbles in water 

produced sound when illuminated by modulated laser light. Prior to describing 

this research, it is appropriate to review some properties of bubbles in 

water. Bubbles in the ocean are known to be effective scatterers of high 

frequency sound. This scattering of sound has been used to study clouds of 

bubbles which are produced when waves break, on the ocean's surface. It is 

also known that when a bubble vibrates, so that its volume oscillates, sound 

is radiated from the bubble into the surrounding water. The radial 

oscillations of a bubble are analogous to the vibrations of a mass attached to 

♦Research supported by the U.S. Office of Naval Research. 
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a colled spring. The water outside the bubble provides the inertia while the 

gas within impedes compression and acts like a spring. The generation and 

scattering of sound are most effective when the frequency corresponds to the 

natural pulsation frequency of the bubble, A bubble with a radius of 0.1 mm 

has a natural frequency of about 30 kHz. 

The physical processes associated with the scattering of light from 

bubbles are being investigated at Washington State University. The ways in 

which light is scattered from bubbles in water are different than the ways it 

is scattered from drops of rain. For example, light is nearly totally 

reflected from parts of the surface of a bubble. 

The aforementioned optical and acoustical properties led us to propose 

that bubbles radiate sound when illuminated by pulsed laser light. Light 

carries momentum and the reflection of light at any surface imparts a force to 

that surface. This force or "radiation pressure" on the surface of a bubble 

is enhanced by the high reflectivity. The radiation pressure pushes and 

compresses the bubble so as to reduce its volume. When the light is 

modulated, the bubble should alternately contract and expand, thereby 

radiating sound. Unlike the usual optoacoustic effect, expansion need not be 

caused by heating and cooling. 

We have recently detected optically stimulated sound from gas bubbles. 

Single bubbles in clear water were attached either to a needle or to a thin 

film of transparent Mylar. The radius of the bubble was typically smaller 

than n.l mm. The sounds radiated by these bubbles were reflected from a curved 

metal surface and were focused on a hydrophone (a microphone designed to 

operate in water) . The bubbles were illuminated with light pulses having a 

peak power of about 2 watts. The sound detected by the hydrophone exhibited 

oscillations at the natural frequency of the bubble. The arrival time of this 
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signal is further evidence that the bubble vas the source of the sound: the 

signal was delayed by a time appropriate for propagation of sound from the 

bubble to the hydrophone. Bubbles were subsequently illuminated by bursts of 

light pulses with a frequency corresponding to the observed natural frequency. 

The resulting sound was characterized by an initial build-up of its amplitude. 

This is the expected response of a forced oscillator. 

Depending on the bubble's environment, radiation pressure niay not be 

the only cause of the optoacoustic effect of bubbles. Absorption and heating 

may also be significant and further investigations are in progress to 

elucidate the physical processes involved. 
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